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/l52* ADDITIONAL ENERGY LOSSES I N  COOLED GAS-TURBINE POWERPLANTS AND 

THEIR I N n U E N C E  ON S P E C I F I C  CYCLE PARAMETERS 

V. I. Lokay and R .  G. Khayrullin 

ABSTRACT 

Discussion of t h e  addi t ional  energy losses  t h a t  take 

place i n  a gas turb ine  w i t h  a i r -  or l iquid-cooled vanes, 

as compared t o  t h e  uncooled version of t he  turb ine .  Three 

types of pr inc ipa l  l o s ses  are examined: 

hydraulic losses  caused by both t h e  in fe r io r  geometry of the 

(1) addi t ional  

working sect ion and t h e  s t ruc tu ra l  changes i n  t h e  cooled 

boundary l aye r  on t h e  rotor  vanes, which, it i s  shown, for an 

appropriate geometry of  the cooled vanes need not exceed 1 .5  

t o  2 percent;  (2)  additional thermodynamic lo s ses  a r i s i n g  

from heat  re lease  by the  gas when expanding i n  the  working 

sect ion,  which, i n  t h e  case of  air-cooling, are shown t o  be 

s m a l l  but,  i n  t h e  case of multistage high-temperature turbines  

employing l i q u i d  cooling, w i l l  exceed the  combined other  losses ;  

(3)  addi t ional  energy losses  associated with t h e  supply of t h e  

cooling medium t o  t h e  vanes, which are low i n  t h e  case of  

l iquid-cool ing but cons t i tu te  t he  major p a r t  of t he  t o t a l  

l o s ses  for air-cool ing and depend primarily on the parameters 

*Numbers given i n  the  margin indicate  t h e  pagination i n  t h e  o r ig ina l  foreign 

t e x t .  
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and r e l a t i v e  f l o w  rate of 

individual type of losses  

amined. 

The introduction of cooling i n  

the coolant.  The e f f e c t  of the 

on the cycle parameters i s  ex- + 
gas-turbine power p lan ts  gives r i s e  t o  

energy losses  which are greater  i n  comparison t o  those found i n  the noncooled 

var ian t .  These pr inc ipa l  energy losses a r e  examined below. 

1. The addi t ional  hydraulic losses ( 5  a.h) appear because of the  inevi table  

flow geometry deter iorat ion,  i n  comparision w i t h  the  noncooled var ian t ,  and the 

s t r u c t u r a l  a l t e r a t i o n  i n  the cooled boundary layer  of the actuat ing blades. 

Detailed examination of these losses  shows t h a t  a r a t i o n a l  choice of the cooling 

grate  geometry ( w i t h  the compromise between a high ef f ic iency  requirement and 

a high cooling effectiTness) may give 5 a.h values not exceeding 0.015 - 0.02. 
e 

2 .  The addi t ional  thermodynamic losses  (6) appear because of the heat 

removal from the gas during the process of i t s  expansion i n  the turbine proper. 

I n  the air-cooled turbines these losses are  usual ly  s m a l l  ( r e f .  1). 

I n  high temperature multistage turbines w i t h  the intense l i q u i d  cooling 

they cons t i tu te  the main portion of the addi t ional  losses ,  which can amount t o  

5-6 percent ( refs .  2 and 3) of the available turbine heat gradient  (Ho) . 
A s  a r e s u l t  of an assumption of uniform turbine heat gradient d i s t r i b u t i o n ,  

an approximate (accurate t o  within 10 percent) formula f o r  the determination 

of do w a s  obtained 

where 4, i s  heat released due t o  cooling i n  the  region of Ho. 
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. 
A quant i ta t ive estimate of qc may be m a d e  according t o  references 1, 4 

1 (k - 1) 
@ k 6 = 1 - - ( 6 t  - degree of turbine pressure reduct ion) ,  m = 

( k  - isoenthropy indica tor ) ,  z - number of stages, n, - number of cooling 

. 

banks. The approximate re la t ionship  i s  

where c - specif ic  hea t ,  T a  - atmospheric air  temperature, hs - stage 
T a l  T*3 cycle temperature r a t i o  increase,  f a l  = - heat gradient ,  7 = - - 

T a  
allowable blade temperature) . 

f 153 P 

( T a l  - 

Taking i n t o  account the additional hydraulic and- thermodynamic losses  due 

t o  cooling, the r e l a t i v e  i n t e r n a l  turbine e f f ic iency  i's 

where Tt - r e l a t i v e  i n t e r n a l  noncooled turbine e f f ic iency  includjng the heat 

recovery r a t i o ,  7\'t - as above w i t h  consideration of the addi t ional  hydraulic 

l o s s e s .  

3 .  Additional energy losses  associated w i t h  the se lec t ion ,  preparation 

and t h e  del ivery of the coolant t o  components arise under any method of cooling. 

With l i q u i d  cooling these losses  axe usual ly  small. On the contrary,  w i t h  air- 

cooling they c o n s t i t u t e  the  pr incipal  port ion of the addi t ional  losses  and they 

depend mainly on the coolant parameters and i t s  r e l a t i v e  consumption (6,). 

Obviously, the amount of gas entering the cooling stage w i l l  be 

3 



where G- i s  the  quantity of air  passing through t h e  f i r s t  compressor stage and 
Y 

K =  + @h = 1.015 - 1.025. 
cy 

The magnitude of dc may be evaluated according t o  reference 1. 

With t h e  a i d  of formulas (1) - (4)  an analysis  may be made of the e f f e c t  of 

losses  due t o  cooling on t h e  specif ic  cycle parameters of various types of gas- 

turbine power p lan ts  and on t h e  optimum choice of Ttk.$p+. 

Thus, f o r  the cooled nonairborne gas-turbine power p lan t  with heat regenera- 

t i o n  of the  withdrawing gases (discounting the e f f e c t  of the cooling air i n  the 

turbine subsequently t o  i t s  del ivery in to  the turbine proper) we have 

1 

*k 
where V = 1 - r, \ - isoenthropic compressor e f f ic iency ,  flk - degree of gas- 

turbine power plant  compressor pressure increase,  \, 7, - mechanical e f f ic iency  

and combustion chamber eff ic iency,  u - degree of regeneration, ktd = 0.99 - 0.98 - 
a f a c t o r  accounting f o r  the gas temperature decrease due t o  cool air  mixing, 6 

1 - r r  

vm i p j  'vopc * v c p . ~  (vipg - and I7 are r e l a t e d  by the expression 6 = 1 - -, v = v 

t o t a l  i n l e t  pressure l o s s  f a c t o r ,  v o p l  - t o t a l  o u t l e t  pressure l o s s  f a c t o r ,  

b 5 4  v c p l  - t o t a l  combustion chamber pressure l o s s  f a c t o r ) .  

With the  a id  of the auxiliary Lagrange mul t ip l ie rs  from the expressions 

4 



it i s  easy t o  f i n d  the equations determining fik.0pt.c Le and fik.opt.c.  ?e For f ik ,opc;  Lem 

w e  obtain 

(ao = n n t ,  c ;  s - f a c t o r  determined according t o  reference 1, khag w 1.05 - 1.15 - 
fac tor  accounting for the heat exchange through the blade bases). 

Temax. 
With fi(k.oDt,c w e  have the equation 

With l i q u i d  cooling in formulas (5) (6) and ( 8 ) ,  (9) it is necessary t o  

assume 

G = ~ a n d 6 c = 0  
9 

I n  the analysis  of nonregenerative gas-turbine power plants  w i t h  cooling i n  

(6 )  and (9)  it i s  necessary t o  s e t  u = o and v = vcpj). 

It i s  e a s i l y  seen that  f o r  the noncooled case, when Gc = 0,  jc = 0 ,  the 

regular  formulas f o r  the noncooled gas-turbine power plants  can be determined 

For t h e  a i r c r a f t  gas-turbine power p lan t ,  as an example, l e t  us present a 

r e l a t i o n s h i p  derived by the  indicated method for  the  cooled high pressure 

turbouni t .  
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The equivalent spec i f ic  power 

f- I 

The equivalent spec i f ic  f u e l  consumption 

I n  (10) and (11) 

- degree of pressure increase 
P i  

V - f l i g h t  speed, TI - propel ler  eff ic iency,  fi 

i n  the input f a c i l i t y ,  u, 
P 

- j e t  speed f a c t o r ,  AI?, - heat  recovery f a c t o r ,  '1 .- ::$- 
€ L E L Q i I c &  ,>< 3 u k  E K C L ~ L ~ U ~  js, c I 

Hi - e f f e c t i v e  c a l o r i f i c  value of the f u e l .  
N e m a  . 

fik.optSc can be found from the  equation 

PY f 
F . = l -  
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Cemin Itk.0pt.c can be obtained from the relat ionship 

Figure 1 shows the relat ionships  between L e ~ ~ p p c ,  N e . S , c ,  vec;rppc and C e a S a c  

as functions of fik f o r  various values of 7 ,  Calculated with the a id  of these 

1 formulas . 
Figure 2 showsjas an example, how the losses  due t o  cooling influence the  

magnitudes of t h e  simple (curves 1, 5 ,  6) and the  regenerated (curve 2) cycles.  

Curves 8,  10, 11 represent the maximum performance reduction, and 1 3 ,  

15 - the  m a x i m u m  e f f ic iency  of the  simple cycle due t o  addi t ional  losses  

due t o  cooling. 

It should be noted t h a t  every point on curves 8-16 has a correspond- /137 

ing  optimum degree of compressor pressure increase (by equations (9), (9), (12) 

0 3 ) )  

Other ty-pes of a i r c r a f t  ( tu rbo- je t ,  turbo-jet  with afterburners) and non- 

airborne gas-turbine power p lan ts  (with complex cycle) were analyzed with the 

same method. 

I n  a l l  cases: 

(1) the increase of 9 subs tan t ia l ly  improves the gas-turbine power p lan t  

s p e c i f i c  cycle parameters, 

'The calculat ions were made: 

Tk = 0.85 ,  % = 0.9 f o r  the gas-turbine power p lan t  with A ( a i r )  m = 0.25 ,  

f o r  the high-pressure turbounit  with m = 0.27 ,  

Tk = 0.83, '$, = 0.9 with D ( l i q u i d )  same, % = 0 .85 .  

7 
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2 4 6 8 (3 (2 ' 4  ' 5  .18 20 22 24 26 zq 
ye G t P P ,  

v: I m7.n 1. The vmiztim of Le~'iPp a , C, . as a funct ion of degree o 

compressor pressure increase (W - without cooling, A - air cooling, D - 
l iquid-cooling) 1 - 5 - Cess (Tal = 11OOOK); 6 - 9 - T),GPP ( T a l  = 923% 

10 - 13 - LeGpF (Tal = 923OK) 14 - 18 - NeVs (Tal = l lOO?K,  H = 0 

MH = 0); 19 - 20 - NeeS(Ta1 = l l O O ° K ,  H = llkm, M - 0 . 8 ) .  4- 
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Figure 2. The influence of cooling on the  gas-turbine power p lan t  

spec i f i c  ind ica tors  and the  optimum degree of compressor pressure 

L 
increase:  1 - 6 - var i a t ion  of fik.opt (1, 2 with T a l  = 923OK, 6 with 

Tal = lOOO%), 8 - 1 2  - var ia t ion  of L,GTPP (with the  same T a l ) ,  

13-16 - var ia t ion  Of T)eGTPPmax (with the  same T a l ) ,  ------- the  non- 

cooled case.  

( 2 )  t h e  addi t ional  losses  due t o  cooling not icably diminish the  e f f e c t  of 

9 increase ,  espec ia l ly  when air cooling i s  used, 

(3)  the  optimum degrees of compressor pressure increase ( f o r  the  generation 

Of LeGTPPmm or T)&TPPmax) f o r  the Cooled gas-turbine power p l a n t ,  with the  same 

7 , appear t o  be subs t an t i a l ly  l o w e r ,  than f o r  the  noncooled case (compare f i g s .  

1 and 3; A and 5 ,  6 and 7) .  

c r ea t ion  of a compressor with a high eff ect ikness  . 

k a n d  1, - > 
The l a t t e r  indubitably s impt l f ies  the  problem of 

e 
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